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Modeling Volatilization of Trichloroethylene from a Domestic Shower Spray:.

The Role of Drop-Size Distribution

Nicholes J. Glardino,’ Nurtan A. Esmen,’ and Jullan B. Andeiman®
Graduate School of Public Heakth, University of Pittsburgh, Prtsburgh, Pennsyivania 15261

m The factors affecting the volatilization of trichloro-
eﬂxyhm&omaahowaﬁ:ymwmdmdebd
. an a function of the distribution of drop sizes. For the 10
L/min showee-water flow systam, the measured drop sizes
were smaller and initial velocities greater than those for
the 5 L/min system. Log-probit plots indicate a bimodal
distribution of drop sizes for aach flow rata. Threa models
for internal mass transfer from drens were assessed to

determine which best predicted slivwe: amissions. A -

penstration theory model applied to oscillating drops, an
eddy diffusion model, and a model for mass transfer re-
atrlcudtonthlnliqﬁdﬁlmwxmndin(tbod:ﬂ‘m

to data on volatilization from drups collected
at different heights in the shower spray. The former two
models fit the data. It was also observed that volatilizstion
from water at the bottom of the shower was substantial.

Introduction

The releas¢ of volatile organic chemicals (VOCa) from
a shower spray is controllied by the interfacial area of
contact between the drops and air, drop velocity and
reaidencs time, and the mode of mass transfer from the
drops to the air (e.g., eddy diffusion, molecular diffusion).
All of these factors are a function of drop size. It follows
then that knowledge of the dtopsize disirivution {57 a
showet spray would aid in modeling the volatilization of
VOCs from that spray. Using a model shower system,
Andelman et al. (7) showed that the shower spray is one
of two major sources of chemical emissions, the pool of
water around the shower drain being the other. This ex-
perimental result emphasizes the need for & better un-
derstanding of the hydrodynamic regimes in the shower
systam, including drop sizes, which affect the volatilization
process. : o

In the presant study the drop aizes and velocities are
determined experimentally for a standard-size shower
head. This information is used, along with three models
{or intemal mass-transfer constants for the rates of vola-
tilization from the surfaces of water drope, to predict the
emission of trichlorosthylens (TCE) from the shower aptay.
These modeled results ara then compared o those ob-
tained from experiments mansnring the veiatilization of
TCE from drops collected at different heights in the
- showee spray in an effort to determine which model(s) best
predict volatilization of TCE from the experimental,
full-size shower system.

" Mass-Transfer Models for Volatilization from Drops

Three mass-transfer, volatilization models have hean
chosen for comparisan to experimental results obtained
in this work. They include penetration theory applied to
oacillating drops (2), eddy diffusion from drops (3), and
a model whare all the mass transfer is restricted to a thin
liquid film surrounding the drop (¢). Tha last two modely
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depend on the drop velocity, whereas the first does not. -

These three models were chosen because others have
studied their application using a spray-like system (5), they
caver a range of mass-tranafer mechanisrs, and they give
predictions in the mathematically convenisnt form of
mass-tranafer constant.

Model I: Angelo et al. (2). The penstration theary for
mass raraier x geosuized i seclaiiog drope. 1 Dose
&mmwwm/mudmm
Iththoughtﬂutdmp:ﬁd mtarml

ergo & mixing
once & cycle. The liquid-phase controlisd, mass-transfer
constant for a single drop is

ky = (2/2*5){wDy (1 + ¢ + 0.375N]°$ (4}

where w (1/s) is the frequency of oscillation given by
Lamb's equation: ‘

(8¢ /32m)>> .
=3 @

where ¢ (dyn/cm) is the surface tension of waterand m

(mg) the miass of the drop, Dy, (cm?/s) is the diffusivity in
water of the contaminant, and ¢ is the amplitude of cs-
cilation. Stll photos of the shower spray ahowed circular
drops being emitted irom the rozzie. This impiies that
any drop oscillation was quickly dampened, and therefors,
¢ was chosen to be zero.

Model 2: Handlos and Baron (3), The liquid-phase
controlled, mass-transfor constant for a liquid drop moving
through a fluid medium is given by
o 000375V

1+ (ug/4)

where V (cm/s) is the drop velocity, 4, (P) is the viscosity
of water, and u (P) is the viscosity of air (in this case). This
squation is based on the assumption that all the mass
transferred from the dispersed phase of the drop to the
continuous phase is by eddy diffusion. The eddy diffusion
transfer process involves motion from the bulk of the drop
to the drop’s surface. Subsequent volatilization maess
tranater by moiecuiar diffusion ecross tha drop’s muface

&y 3

. is anstmned to occur instantaneouasly, since the fiim thick-

ness is assumed to be zero.

Model 3: Ruckenstein (¢). This model assumes a

well-mixsd drop interior, with all the resistance to mass
transfer occurring within e thin film of liquid eround the
outaide of the drop. Ths continuous phase flows around

" the outside of the drop as it falls, causing the drop's in-

ternal mixing. This mixing is aséumed to bring coatinu-
ously fresh phases from the bulk water of the drop to ita
surface. The diffusion at the drop’s surface is considersd
rapid but incomplete. The equation for the mase-transfer
constant is

Ry, = (2/2°5) V(D /)4 )
where d (cmn) is the drop diameter

ifadeling Snray V:h&i!‘.nﬁes'- The following is on
application of the dual-resistance theory to describe the
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volatilization process for the shower spray. A compre-
hensive review of the dual-resisiancs theory has been
presented by Haney (6). )

A mass-balance sxpression may be written for volatil-
ization from & single. aphsrical dron as

dCL/dc bl "KL‘(G/d)(CL - Cg/m {(5)

where K, (cm/s) is the liquid-phase controlled, mass-
tranafer consiant for a jcal volatilizing from the drop;
Cy in the aqueous-phase bulk liquid concentration of
volatilizing chemical {(mg/m"); C, is its gas-phase concen-
tration (mg/m%); and H is the dimensionless Henry's
constant (ths ratio of the gas-phase concentration for
volatilized chemical divided by its aqueous phase con-
contration at equilibrium). Assuming the bulk liquic :. -

terior of the drop remains well-mixed, integration of oq’

5 during the residence time in air of the drop yields
(Cr = Ci/H) /(Cy, ~ C./H} = expl-K; (R/D¢.] (6)

where Cy, img/m’) in Woa treawarer coneratrabios: and Gy,
(mg{m‘) 18 ihe conceniraiian ia the arop m ibe end of its
reaid time in air; ¢; (). Equation 8 thus expresses the
concentration of chemical remaining in a single drop as
a function of its residence time in air, feedwater concen-
tration, and sir concentration in the shower. It is assumed
that the latter, C,, remains constant during the short
residence time in air {(~0.5 s). The concentration of
chemical remaining in the spray, as a function of air and
water-phase concentrations and the residence tims of the
spray in the air, can be found by summing ail the vol-
ume-weightad contributions of each drop size in intervals
designated by d;, from { = { to{ = n, where n represants
the total number of drop sizes in the spray

(€1, = C/H/(Cuy= Cof D = Eds exptK S8 /4]
)

where ) ia the fractional volums for dron eize 7 and K,
{cm/s) is the mass-transfer constant for that drop size, It
should be pointed out that the assumption of spherical
drope need not have been made to arrive at the final form
of eq 7, although the specific factor 6/d; is based on a
spherical drop shape.
km&scﬁondchemialvohtﬂized&omthesm,f,

h=1-C/C, ®
Combining eqgs 7 and 8, one obtains '

fo= (1~ Co/HELJIL = B oxp(-Ki(6/d)e)) ©)

This equation will be used tc predict volatilization rates
as a funciion of drop residencs time, experimentaily-de-
termined drop-size distributions, and K; , values obtained
from volatilisation models. ‘Thess calculated rates will then
he compared to those determined experimentally to assess
the accuracy of the models.

" . Experimental Section

Drop-Size Distribations in the Shower Spray. The
measurement of the shower spray drop sizes was accom-
plished using the fact that horizontally-moving drops have
different stopping distances which vary with drop size.
Smdhtmithntwhhhawﬂeh,ﬁthmlnmnl
. velocity, will travel through the air in a horizontal direction
(fouductmgn of stopping distance see ref 7). Velocitios
of the drope in the shower spray were measured wing s
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Figurs 1. Schematic of drop-sizing apperatus.

video caasetts recording system. Siace both drop diame-
ters and velocities were measured for the distribution of
drops in the shower spray, thair Reynolds numbers could
be calculatad. The Reynolds number is the ratio of inertia
to viscous drag force s periicle saper'mons w i moves
through i trajectory in air. Smalier Giope wili have
suaaller Reynolds numbers and correspondingly shorter
stopping distances because of high viscous air resistance.
Larger drops, with the same initial velocity, have higher
Reynolds numbaers and experience more of an inertial re-
sistance to motion. These larger drops will, theref{ore, have
longer stopping distances. This concept of sizing drops
on the basis of their different velocities has been used for
rain drope (8). :

Average velocity for the drops at 5 1./min was estimatad
to be 343 em/s, and at 10 L/min 507 em/s. These esti-
mates wers made from a video tape taken of the showsr
at 30 framies per second (the shower drop height was 183
cm). Tha leading edge of the spray was tracked and the
distance fallen measured frame by frame by replayona
television screcn. A tape messure stretched from the top
to the hottom of the shower provided tha markings for
ditancs {alen. The drope wers ooserved ic move ioagecher
in z plume and were therefors assunmed to have the same
average velocity.

Tha sxperimental setup for sizing the drops in the spray
ia shown in Figure 1. The shower head was mounted in
a horizontal position 80 that the shower spray flowed
perallsl to the ground. Water was pumped to the shower
head, from a 208.L polyethylene drum, using a Gelber
positive displacement pump (Model HP 75-150B). The
shower spray approximates a solid cons in cross section.
Representative sampling of this cons was taken by pessing
the spray through a alit 0.8 cm high and as long ss the
width of the spray cone. A small gutter on the top side
of the slit caught water not passing the slit and
drained it away, thus preventing ths formation of intar-
fering drovs. Thae eocay which passed through the alit was
caughi by trays with piasiic wells. Fach weli was 5.5 em
was shielded on all sidss from any croes breeses by plastic
sheeting. The shower head was operated at & low flow of
5 L/min and a high flow of 10 L/min.

Calibration of ths collection wells was dons by placing
glass plates (33 cm X 33 cm) covarsd with soot on top of
oach well. The shower spray was started with the alit
initially covered. The slit waa then uncoversd for 1-2 2
to allow drops to footprint the glass plates. Thess foot-
prints gave true drop diametars {Le., clear circles appeared
on the sooted plates whers ths drops landsd). After
footprinting, the glass plates were covered with white paper
towel to prevent smearing of the footprints. Each plats
was placed on a lighthox, covered side down. For sach well
at lsast 100 drop diameters were measured using s mag-
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Figuwe 2. Orop-size dstributions for tiows of 5 and 10 L/min.

nifier with reticle (Finescale comparator stock pocket
model). Twenty-nine wells were used for the drop sizing
. at 5.L/min and 36 at 10 L/min.

The distributions of drop sires were obtained by allowing
the shower to run Jong enough to fill the collection wells
with a measurable volume of water. Splashing from well
" to well was not a problem, The volume in each well was

meuuredbypmﬁngthewateroutnholo.drmodinghn 7

bottom of the well, into a graduated cylinder. During
filling, the holes were kept capped. The drop-size dis-
tributions for the shower operated at both 5 and 10 L/min
are shown in Figure 2. Each of thess distributions rep-
. resents the average of two replicate experiments. Each
drop diameter corresponds to the mean for the given well.
The maximum standard deviation for thess mean disme-
ters was found to be 2%. although it was tvnicaliy less.
Velatilization as a Function of Shower-Drop Res-
idencs Time. The TCE-spiked shower speay, operated
in & vertical mode, was sampled at differsnt heights using
a movable trapping device in an enclosed full-sire shower
chamber. The squeous TCE was injected into the shower
from a closed palyethylene drum, and its concentration was
messuted from samples taken just prior to the shower
head. Similarly, the spray samples collected at verious
heights were also analyzed for the unvolstilized TCE
content. This sampling device and its componént parts
are shown schematically in Figure 3. The spray was
sampled by moving the trap to a fixed height within the
spray. The trap was allowed to purge for s sufficient length
of time (thres trap volumes) to snsure that the sample
taken showed no bias from a previous sample.
Samp!uwmeonectadnttbem&aitho’l‘qﬁbombin‘
cally 16-mL water sampies were coilected and snaiyzed
using a microextraction technique (9-71). This invoived
injecting the sampled water into & miniert reectiflask
(Pierce Chemical Co.) and extiacting the TCE with pes-
ticide-grade pentane (Pierce Chemical Co.), followed by
using a gas chromatograph: equipped with an
electron capture detector (Hewlet!-Packsrd Model 5890A).

. Feadwater samples were also taken from a Teflon tee in

tho!inempplngthubambud. Again, 15-mL samples
were taken uamg & 40-mL glase syrings, and analysis of the
aqueous TCE concentration was done in the sams way as
for the shower-spray samples.

During each experiment the shower chamber was op-
erated in an enclosed mods 80 that all parameters could
*be controlled and monitored in a preciss manner. The air
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Figurs 3. Schematic of movabis shower spray trapping devics.

concentration of TCE was monitored in real time using a
Miran 1A. an infrared aitr monitonng device (Foxboro Co.).
Feedwater concenitzation of TCE was kapt constant in the
water delivery system. Water flow rate was fixed at either
50r 10 L/min. Water and air temperatures were measured
in real tima, The air-exchange rate of the shower cham

was also controlled (11). ‘

Results and Discussion

The measured distributions of drop sizes are shown in
Figure 2 for the § and 10 L/min water flow rate experi-
menta. They can be shown to fit bimodal Jog-normal
indicating that water flow rate should affect volatilization
in that the models discussed esarlier show a dependency -
on drop size. The measured average percent volatilization
of TCE was 67% and 59% st § and 10 L/min, respectively.
However, the sir-exchange rates in the volatilizstion
chambers for these twe experiments were also Ciffereat at
3.5 and 1.3 air exchanges per hour (ACHj, respectively.
The air-exchange rate can affect the inhibition of the
volatilization rate since it affects C,. As the latter increases
and the Henry’s law equilibrium is approached, as indi-
cated by eq 5, there is & decreass in the driving fores (Cy,
~ C,/H) for mass transfer of the VOC from the shower
water to the air. Thus, the differsnces in the percent
volatilization in thess two experiments may not be due
entirely 1o differences in ize distributions. However,
McKone and Knerovich (12) did not find a statistically
significant difference in transfor efficiency for TCR during
a 20-min ahower period during which the air concentration
of TCE would have increased with time. Also, for both
hot and cold showers they found that on the average the
tranafer efficiency was about 60%, similar to the values
we report bere.
- The results for the relationship between fractionsl
volatiiization and drop-residence time for oo typical
spray-sampling experiments are shown in Figures 4 and
5. The uir and water temperatures of thess expeciments
are shown there, us are the shower-water inlet concentrs-
tions of TCR, 460 and 780 ug/L, respectively. The TCB
air concentrations during the drop-residence time, sleo
shown in theye figures, were substantially different for the
two water flows. The experimantal data are represented
bytbtmd:dqwhhhmmwmxuqud
include error bars corresponding to 1 8D of imprecislon
T T
resent curves were
calculated for models 1, 2, and 8 using the &y, values de-
termined from eq 1, 3, and 4, respectively, in combination

ize distritutions shown
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application of eq 9. The raw data for both of thess room-
temperature shower experiments show that about 40% of
the TCE in the feedwater volatilived from the spray before
" it reached the pool of water at the base of the shower
chamber. The spray sample closest to the pool waa taken
58 tm above it; since the total drop height was 183 cm, the
fraction of TCE volatilizad from the shower spray is likely
to have been graater than 40%. As noted previously, the
total percent volatilization for the experiment at 5 L/min
was 67% and at 10 L/min was 59%. Since no water was
observed running down the sides of the shower chamber
during the shower sxperiments, the remaining fraction of
g:mialvohﬁlimdmldhvvtphswmmmdfmm
The general frend for the curves in ¥igures £ and 5
shows & rise in tha fraction of TCE volatilized from the
shower spray with increesed residance time in air, as
predicted by tha three modals for internal mass tranafer
from drops. Model 3 (velocity dependent) overpredicts in
each case to & large extent. Modal 2, the other velocity-
‘dependent model, comes closer to matching the dats, as
does model 1. Tha latter is the surface-stretch model
where penetzation theory has been applied to .. :ilating
drops. Model 1 is particularly convenient to u:2 ..ecause
it predicts mass-transfer constants for all the ¢ 1~ in the
spray-like system that do not changse with v 2y,
- Models'1 and 2 predict that the 5 L/mia .:op-size
distribution would result in substantially lower transfer
efficiencies at each residence time compared to that for

10 L/min. The experimental differences for these two
water-flow rales, aithough qualitatively consistent with
these predictions, are not as great as the models predict.

The orror bars shown in the sxperimental data in Fig-
ures 4 and X ansomnass & rangs of one relative standard
deviation (rzd) based on reproducihility of the measured
inlet water concentration C;, and outlet water concen-
tration Cy,. In addition there is some imprecision in the
model curves, since they utilize the experimantal drop-sizs
distributions and velocity messurementa. However, only
the latter were found to contribute significantly to the
imprecision of the modal curves. The mean velocitios used

in models 2 and 3 were 343 & 27 (£ rad) for 5 L/min and™ *--

507 + 61 for 10 L/min. When the valocity-dependent
models 2 and 3 were run using exiveme values of valocity
{mean & 1 rad), some range in fractional volatilization
resuited, although it is small and is not shown in the plota.
A more pronounced effect was seen for predictions at 5§
iL/min than at 10 L/min. The high velocity used in
modenng @ L/ mim Drougni model 2 cioset to model 1, and
the iow velocity was still within the errcr-bar range of the
data. Model 3 remained far ramoved {rom the data. For
example, the largest imprecision due to velocity was found
for model 2 at 10 L,/min at a residence time of about 0.35
s. In this case 1 rad of velocity lad to a rad of about £0.06
for f,. For the other models and the lower 5 L/min flow
rate, the uncertainty in f, was substantiaily less. In con-
clusion, the uncertainty in the experimental messurements
of f, at various residence times, as well as that in the three
model curves, indicate that models 1 and 2 overlap with
mgmcomintant with experimental data, while modal
3 is not.

At the water tamperature of these two experiments, 22

. *C, the dimensionless Henry's law constant for TCE is 033

(1D. The maximum measured values for C,;/Cy, in each
experiment occurs at the longest messured residence time
wheos T, . is the omaiilast. sines  ramaine conacent i smach
of the plots shown in 4and 5. For § L/min this
maximum C,/C,, is 0.09, and for 10 L/min, 0.16. This
indicates that the s law equilibrium was not attained
in either of thess experiments at the maximum measured
residencs time. As residence time increases, so should £,
as volatilization continues, snd models 1 and 2 show this.
In contrast, at 10 L/min modal 3 predicts that volatiliza-
tion would essentially cease after a residence time of about
0.2 s dus to attainment of the Henry’s law equilibrium,
since £, stops increasing beyond that point. Thisis a
further indication that this model does not accurately
predict volatilization in our systam. In actual domestic
shower systems, it is unlikaly that TCE would approach
equilibrium unless there is a very long shower period, very
high water-flow rate, and very low air sxchange.

Altwicker and Lindhiem i5) assessed the applicability

© of thess 1tuee modeis 1t & spray-like syatemt. They con-

cluded that velocity-dependent models for internsl mass
transfer from drops did not explain the experimental data
well, because even though the drops accelerats over the
course of their residence time in dr,ﬁseirmat-tungfc
constants remained Thus, the nonvelocity-

dependent model 1, which we find to be more convenient

to use becauss the mass-transfer constants ars independent

of drop velocity, may also be more generally appropriate.

Theyaholmdthnul!thmmodch-mm:@zmdm

measured mass transfer of CO, into their spray-lice system.
The results reported here indicate that if modeling of

the volatilization from a ahower system is to be

one must conalder contributions from different sources

vithinthenhmnystm,mhutha:homnpnymd
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pool of water sround the shower drain. Also, the physical
characteristics and hydrodynamics of the shower system,
including water-flow rats, can affect the volatilization
process through their impacts on drop-size distribution and
drop-residence time. It can be cancluded from this work
that the mase transfer of VOCs from the shower spray
should not be modeled simply as occurring from a mono-
dispersed, spherical drop-size distribution. -
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